The bone quality is asociated with changes in its dielectric properties (permittivity and conductivity). The feasibility of detecting changes in these properties is evaluated using a tomographic array of 16 monopole antennas with z-polarized microwaves at 1.3GHz. The direct problem was evaluated computationally with the Finite-Difference-Time-Domain (FDTD) method. Local and global sensitivity analysis were considered for identifiyng the parameters that most affect the detection. We ob- served that the direct problem is highly sensitive to the conductivity of the tissues that surround the calcaneus and the one of the calcaneus itself.
Introduction
Microwave imaging is a consolidated research topic on sensing objects noninvasively in several areas; including geophysical science, industrial, and biomedical engineering [1] . This technique is well suited for imaging biological tissues due to its non-ionizing condition. In biomedical microwave imaging there are two emerging clinical applications: breast tumour detection [2] , and stroke diagnosis [3] . Particularly, microwave tomography (MWT) is dedicated to estimate the dielectric properties (relative permittivity (ε r ) and conductivity (σ)) of the scatterer object interrogated by an array of antennas.
Recently, efforts were done in order to imaging bone tissue of extremities [4, 5, 6] . Meaney et al. [5] have obtained the first image of calcaneus in vivo using MWT, they have compared two patients who had one leg injured and required reduced weight bearing during the healing process (consequently, with a diminished bone mass). The authors have measured different dielectric properties of injured heels as compared to the healthy of each patient. The calcaneus is composed of a body of trabecular bone surrounded by a thin layer of cortical bone. Its microstructure and cortical thickness change depending on many factors, among others, the age, the physical activity, etc. [7, 8] . The microstructure properties are related to the bone health, for example, an osteoporotic bone has a higher porosity than a healthy one. It has been measured that a change in bone volume / total volume ratio (BV / TV) produces variations in the microwave dielectric properties of trabecular bone in vitro [9, 10] . These findings have revealed that dielectric properties can predict the trabecular bone health.
There are many factors that make in vivo bone microwave imaging challenging. For instance, one of the difficulties found in the inversion algorithms is the high contrast of the dielectric properties of low and high water content tissues [11] . In particular, bone tissue has a significantly lower water content as compared to muscle or skin and this is also reflected in the dielectric properties [12] .
It was also found that the thickness of the tissues involved in the measurement may also influences negatively in the estimation of the dielectric properties. In this regard, Gilmore et al. [6] have encountered problems on the detection of bone with microwave when the adipose subcutaneous tissue is thick (more than 7 mm). In [13] the authors have evaluated local oedema by estimating the water content of subcutaneous fat using microwave dielectric permittivity. This indicates that changes in heel liquid content (particularly notorious in the elderly population) affect the dielectric properties and thickness of the skin and subcutaneous fat, and consequently, the inverse problem as well.
The first objective of this paper was to quantitatively evaluate how the geometric (thicknesses and bone area) and dielectric properties of the involved tissues affect the direct problem of MWT of the calcaneus. A computational realistic approach of the configuration of antennas used in [5] was considered.
Likely physiological scenarios of changes in cortical and skin thicknesses were simulated. Changes in dielectric properties of the tissues were also simulated.
Special attention was paid in the sensitivity of model to variations of the trabecular bone dielectric properties.
The definition of sensitivity for microwave imaging systems is still under discussion in literature [14] . Such a definition could be used as a tool to study the feasibility of applying MWT to a particular zone of the body. In this respect, we proposed both, local and global sensitivity analysis. The definition of the former was inspired in Moussakhani et al. [14] and the second analysis was the Morris method [15] . These methods were based on amplitude-only information of the scattering parameters. The second objective of this work was to select a sensitivity analysis feasible for being used in biomedical MWT. Figure 1 shows the slices from a computed tomography scan of a female left heel. Five coronal views separated each other by 4 mm were used to build the five 2D model geometries. An example of the realistic model based on Fig.1 (a) is shown in Fig.1 (f) . We have divided the coronal heel geometry into four regions: (I) skin, (II) muscle or tendon, (III) cortical, and (IV) trabecular bone (see Fig.1 
Methods

Model geometry
Numerical method and boundary conditions
Maxwell equations were numerically solved using finite-difference time-domain (FDTD) method. It was implemented in the freely available software package MEEP [16] . The model is excited with an electric pulse E z proportional to e jωt (with ω = 2πf where f is the frequency of 1300 MHz) polarized in the z axis trough a transmitter antenna (Tx) and recived by the rest of antennas (Rx).
The spatial grid resolution of the simulation box was 0.5 mm, and the Courant factor was 0.5. The boundary conditions were perfectly matched layers (PML).
Physical characteristics of the model
If it is not otherwise specified, the revision of the dielectric properties shown in this section will be at a frequency of 1300 MHz, a temperature of 37
• C, and for in vivo human tissue. Table 1 shows the dielectric properties of the tissues involved in the model. As is usual in literature, most of the data were taken from the work of Gabriel et al. [12] (and the references there in), now available on-line and updated by [17] . Although the data from reference [12] are accepted by the scientific community, there are several posterior works which measured dielectric properties of tissues in vivo. As commented in the subsection 2.1, the heel is composed by several tissues but we have considered for the model geometry only four regions. We briefly describe the dielectric properties of them from the outer to the deeper region (I to IV).
The first region is the skin, which is the most in vivo characterised tissue.
There exist clinical devices for in vivo evaluation of its health that use microwave dielectric properties. See reference [13] , for example, in which the authors have found that skin subcutaneous fat changes its dielectric properties with the water content (from ε r ≈ 29 to 38, at 300 MHz). The same group have measured the skin as a whole (epidermis, dermis, and deeper layers) [18] showing values (of permittivity only) around 28. Gabriel C. [19] has shown that wet skin (measured in the arms) takes values of 46.8 and 1.08 Sm −1 for the permittivity and conductivity, respectively. The most accepted value is that presented in [12] (see Table 1 ). We have considered these differences by setting a range of the dielectric properties of skin to ε r ∈ [28, 46.8] and σ ∈ [1.00, 1.08] Sm −1 .
For the second region we have considered two kind of tissues: tendon and muscle. The dielectric properties of tendon in vivo are poorly known. The in vitro data from bovine presented by [19] are ε r = 46.4, and σ = 1.08 Sm
(similar to that presented in [12] ). Regarding muscle tissue, the values fitted by [12] are obtained from different animal models and they are ε r = 54.3, and σ = The third region is the cortical bone layer surrounding the trabecular bone of the calcaneus. It is difficult to find in vivo measurements of this tissue at the frequency range of interest. The only available data from [19] are from ovine skull and from human tibia in vitro (see Table 1 ). Therefore we fixed these values for this region.
The trabecular bone tissue is the fourth region and the region of interest of this work. We have measured human trabecular bone in vitro [9] from elderly population samples at 1200 MHz. We have obtained higher values as compared to that presented in [12] (data from ovine skull). Data from [19] were measured at 23
• C in human samples (in vitro) which give values of 18.2 and 0.38 Sm
for the permittivity and conductivity, respectively. To date the only in vivo measurements were performed by Meaney et al. [10] . The values go from ε r = 12.5 to 16.7 and σ = 0.53 to 0.92 Sm −1 . We have set the range to ε r ∈ [12.5,
We have also varied the thicknesses of the first and third regions. Skin thickness (STh) range of reference [20] was considered. For the thickness of the third region (cortical layer), we based the simulated range in the references [7, 8] , where high-resolution peripheral quantitative tomography technique is Table 1 : Dielectric properties of the involved tissues at 1300 MHz. All tissue data were extracted from [17] , except * that was extracted from [12] , and ** from [5] . Table 2 .
Sensitivity analysis
The sensitivity of a system is the minimum variation of an input parameter (x i ) that results in a detectable output (y). In the realistic model presented here, the output signals can change in response to changes in the permittivity and the conductivity of regions I, II, and IV, or to changes in the thickness of the regions I or III. This results in in a total of eight inputs x i . We propose a function y(x) which is computed from measurable magnitudes (S-parameters),
and where x is a vector containing all the inputs of the model. We considered a local and a global sensitivity analysis. The local method is exhaustive and the global is the Morris method. The procedures are detailed next.
Exhaustive simulations
In the simulations we have defined the scattering parameter (S-parameter) as the transmission coefficient between antenna j (transmitter, Tx) and k (receptor, 
Therefore we have defined the output (y) as:
where N is the number of considered transmitter antennas. For instance, if transmitter 0 is used only, then y = s 0 .
We have performed a set of exhaustive simulations, as a local sensitivity method, and computed y parameter for each of them. For regions I and III we have simulated three values equally spaced of STh and CTh, and combined them in 5 different models. We have applied the same reasoning for ε r and σ of the region I. For regions II and IV, five values of ε r and σ were simulated, which combined make 9 simulations for each region. This was computed for j = 0, . . . , 15 (transmitters) which makes 448 simulations for each coronal view, and results in a total of 5×448 = 2240 simulations.
For processing these exhaustive simulations we have also computed the slope of the output y when it is plotted for each x i . For example, to evaluate the effects due to a change in the conductivity of region IV, σ IV is varied in the range described in subsection 2.3 remaining constant the other parameters (setting their values to that shown in Table 1 ). Then ∂s j /∂σ IV is estimated by fitting a linear relationship. This gives an estimation of a sensitivity of the model.
Morris method
In order to ranking the degree of influence of the input parameters in our model, Morris sensitivity analysis was carried out [21] . This method was chosen due to its computational efficiency as compared to other global sensitivity methods (lower number of evaluations of the model). Regardless it is considered rather qualitative than quantitative, it does not require a high sampling interval in each input variable, which suits well enough this work purposes.
In the Morris method, the space Ω of input variables x i constitutes an hyper- which is done in the one-factor-at-a-time sense. This means that a set of input parameters in Ω is selected and its output y(x) is computed, then the the i-th variable is varied by ±∆ and the output is computed again. This single step results in a new set of parameters (x ) and its output y(x ). From here, we can calculate the so-called elementary effect as:
A total of p + 1 evaluations are made in each direction through the hypercube.
Random paths in the mesh of Ω are generated to compute the local main effects and higher order interactions between input variables, which makes the Morris method a method for global sensitivity analysis. Thereafter, two values are computed: µ * (measure of central tendency of d i ) and std (standard deviation of d i , this parameter account for a non-linear effect on the output or an input involved in interaction with other factors) [22] .
In this work, the evaluation of y(x) was done with the Eq. 2, particularly with the transmitter antennas 0 (y = s 0 ) and 4 (y = s 4 ) in the first and last coronal slice. In this way, four Morris analysis were performed. The total numbers of input variables was 8 and we selected a total of 10 samples of each x i , which results in 10×(8+1) = 90 simulations for each transmitter and a total of 360 simulations.
The Morris method was implemented computationally via Python programming language, using the SALib library [23] which provides the Morris method with the improvements proposed by Campolongo et al. [15] .
Results and Discussions
The ratio bone area / total area (BA/TA) of all slices was computed in order to compare them and to evaluate which position is better for a potential 2D
application. The obtained values from slice (a) to (e) ( (a), and 2 and 4 to slice Fig.1 (e) . The main result shown in these figures is that the highest variations were always detected in the seven receptors opposite to the transmitter. The magnitudes of these variations were between two and four times the value of that due to the background, which seems to support the feasibility of the detection by microwave. It also should be noted that the two slices are very different in shape and BA/TA, and it results in very different Fig.1 (a) . Columns 2 and 4 corresponds to the coronal slide of Fig.1 (e) . patterns as well. For instance, for transmitter 0, while column 1 shows three lobes, column 2 shows two lobes. However, when the transmitter was shifted to position 4 two lobes are depicted for both slices. Figure 3 shows an example of y (using Eq.2) for the slice of Fig.1 (a) computed with N = 15 (it means using the 16 transmitters). The range of variation of the input parameters x i (see Table 2 ) was scaled to the [0,1] interval. Regarding the effect of changing the tissue dielectric properties, these findings qualitatively show that muscle, in particular its conductivity, has the greatest influence in the transmission coefficient. On the other hand, its relative permittivity seems to have higher effects than the trabecular bone relative permittivity and con- were the parameters that have more weight in the sensitivity. Remarkably, the conductivity of region II (muscle or tendon) is followed by conductivities of region IV (trabecular bone) and III (skin), however relative permittivity shows to be a less significant factor in the detection. 
Exhaustive simulations
Limitation of the study
This study has certain limitations which are commented next. Firstly, we have focused the objectives of this work in the direct problem, therefore other issues, such as inversion algorithms, were not accounted for. This is outside the scope of this study but need to be assessed to validate the results shown here.
Secondly, we only considered a 2D model with four regions. For region II, tendon could also be considered because, for example, Achilles tendon connects the muscles to the calcaneal tuberosity and it has a well-determined position.
The lack of information regarding the dielectric properties of this tissue makes its simulation less reliable. We think that the range covered in the simulations presented here is wide enough, but the region where tendon connects to the calcaneus and the regions occupied by tendons could have different properties from that more distant to it (see the lighter zones in region II of Fig.1 (a-e) ).
However, the area covered by this tissue is smaller than that covered by the calcaneus, therefore we do think that results should not change substantially.
Regarding experimental validation, other variables should be considered, as for example, the dynamic range and the signal-to-noise ratio of the acquisition equipment. According to the results reported here, the dynamic range needed to measure changes in the dielectric properties of the trabecular bone is ∼50dB (calculated from 20 log Sj max ∆Sj min ). The acquisition system recently proposed by [24] , has higher dynamic range (∼110dB), which seems to support the feasibility of detecting the dielectric properties of the trabecular bone using microwave tomography.
Conclusions
In the direct problem of MWT of the heel, 2D models are highly sensitive to the conductivity of the tissues that surround the calcaneus and the one of the calcaneus itself. If the application intends to measure the dielectric properties of the calcaneus, a good estimation of the conductivity of the subcutaneous tissues must be obtained. Morris and a local sensitivity methods have shown evidences for feasible detection of variation in dielectric properties of bone. It was found also that the smaller the ratio of bone area/heel area the greater the sensitivity of detecting the dielectric properties. Finally, the Morris method is a good option for screening this kind of applications since it implies fewer evaluations of the model.
